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(57) ABSTRACT

A spark plug with both improved load life performance and
improved radio-noise-preventing property, wherein the spark
plug has a resistor containing a Ti component. The spark plug
includes a circular columnar insulator having a through hole;
a center electrode; a terminal shell; and a resistor provided in
the through hole and between the terminal shell and the center
electrode. The resistor contains glass, a Ti component, a Zr
component, and a non-metallic electrically conductive mate-
rial.
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SPARK PLUG WITH INTERNAL RESISTOR
HAVING TI AND ZR COMPONENTS

FIELD OF THE INVENTION

The present invention relates to a spark plug.
BACKGROUND OF THE INVENTION

There has been widely used a spark plug including a center
electrode, a terminal shell, and a resistor which is provided
between the center electrode and the terminal shell for
improving the property of preventing generation of radio
noise (hereinafter may be referred to as “radio-noise-prevent-
ing property”). In such a spark plug including a resistor, a
non-metallic electrically conductive material (e.g., carbon)
contained in the resistor may be lost through oxidation by
electric energy flowing through the resistor, whereby electric
resistance may increase, resulting in deterioration of ignition
performance (load life performance). Thus, there has been
proposed a technique for suppressing an increase in electrical
resistance and improving load life performance by incorpo-
rating, into a resistor, a Ti (titanium) component such as Ti
particles or Ti suboxide particles. See Japanese Patent Appli-
cation Laid-Open (kokai) No. 2005-327743 (Patent Docu-
ment 1).

In the case of such a conventional technique (i.e., incorpo-
ration of a Ti component into a resistor), when the amount of
the Ti component incorporated is large, electric resistance
may be greatly reduced during ignition, resulting in deterio-
ration of radio-noise-preventing property. Meanwhile, when
the amount of the Ti component incorporated is small, a
problem may arise in that load life performance is deterio-
rated. Thus, the conventional technique (i.e., incorporation of
a Ti component into a resistor) is insufficient for improving
both load life performance and radio-noise-preventing prop-
erty; i.e., the conventional technique still has room for
improvement.

SUMMARY OF THE INVENTION

The present invention has been accomplished for solving
the aforementioned problems, and the invention provides the
following modes.

(1) In one mode of the present invention, there is provided
a spark plug comprising a circular columnar insulator having
a through hole extending in an axial direction; a center elec-
trode fixed in the through hole of the insulator; a terminal
shell fixed in the through hole of the insulator; and a resistor
which is provided in the through hole and between the termi-
nal shell and the center electrode, and which contains glass, a
Ti component, a Zr component, and a non-metallic electri-
cally conductive material, the spark plug being characterized
in that, in a cross section of a conduction path portion of the
resistor, the conduction path portion containing the Zr com-
ponent and the Ti component, the average of the Ti compo-
nent contents by weight of five continuous circular regions,
each region having a diameter of 20 um, is 0.5 wt. % to 15 wt.
%; and, when A represents the average of the Ti component
contents by weight of any 30 circular regions, each region
having a diameter of 20 um, in the conduction path portion,
and when B represents the Ti component content by weight of
each of the 30 circular regions, the total of the number of
circular regions in which B is less than 0.25 times A and the
number of circular regions in which B is greater than 3.0 times
A is 2 or less. According to the spark plug of this mode, since
the Ti component is sufficiently dispersed in the conduction
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path portion, current readily flows through the Ti component
in the conduction path portion, and thus the amount of current
flowing through the non-metallic electrically conductive
material can be suppressed. Therefore, even when contact
resistance is high due to the presence of the Zr component
around the non-metallic electrically conductive material,
since the amount of current flowing through the non-metallic
electrically conductive material is suppressed, removal of the
non-metallic electrically conductive material, which would
otherwise be caused by contact resistance, can be prevented.
Thus, an increase in electric resistance can be suppressed in
the resistor, to thereby improve load life performance. In
addition, since the average of the Ti component contents by
weight is 0.5 wt. % to 15 wt. %, an increase in electric
resistance in the resistor, which would otherwise be caused by
an excessive amount of the Ti component, can be suppressed,
and radio-noise-preventing property can be improved.

(2) In the spark plug of the aforementioned mode, the Zr
component content by weight of the conduction path portion
may be 10 wt. % to 40 wt. %. In this case, since an appropriate
amount of the Zr component is contained in the conduction
path portion, the dispersibility of the non-metallic electrically
conductive material present around the Zr component can be
enhanced. Therefore, a large amount of the non-metallic elec-
trically conductive material can be caused to be present
around the Ti component in the conduction path portion, and
thus removal of the non-metallic electrically conductive
material can be prevented.

(3) In the spark plug of the aforementioned mode, the Ti
component content by weight may be 1.0 wt. % to 12 wt. %.
In this case, since an appropriate amount of the Ti component
is contained in the conduction path portion, both load life
performance and radio-noise-preventing property can be
improved.

(4) In the spark plug of the aforementioned mode, a portion
of' the through hole where the resistor is provided may have a
minimum diameter of 3.5 mm or less. In this case, the hard-
ness of the precursor of the resistor (which would otherwise
be more difficult to compress during production of the resis-
tor, as compared with the case of a spark plug including a
resistor having a minimum diameter of more than 3.5 mm)
can be appropriately adjusted, since an appropriate amount of
the Ti component is dispersed in the precursor of the resistor.
Therefore, since the precursor of the resistor can be readily
compressed, the density of the precursor can be enhanced,
and the amount of the non-metallic electrically conductive
material around which the Ti component is present can be
increased.

(5) Inthe spark plug of the aforementioned mode, a portion
of' the through hole where the resistor is provided may have a
minimum diameter of 2.9 mm or less. In this case, the pre-
cursor of the resistor of the spark plug can be readily com-
pressed, although, generally, a resistor having a smaller diam-
eter is more difficult to form through compression of a resistor
precursor.

(6) In the spark plug of the aforementioned mode, the
resistor is produced from at least TiO, particles and ZrO,
particles, and the TiO, particles may have a mean particle size
smaller by 0.2 um or more than that of the ZrO, particles. In
this case, since the mean particle size of the TiO, particles is
smaller by 0.2 um or more than that of the ZrO, particles, the
dispersibility of TiO, grains relative to the non-metallic elec-
trically conductive material, which is present around ZrO,
grains, can be enhanced, and thus the amount of the non-
metallic electrically conductive material around which the
TiO, grains are present can be increased.
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(7) In the spark plug of the aforementioned mode, in a
material of the resistor, the amount by weight of TiO, par-
ticles having a particle size of 1 um or less may be 0.1 wt. %
to 4.0 wt. %. In this case, an appropriate number of TiO,
grains can be incorporated in the conduction path portion.
When the number of TiO, grains contained in the conduction
path portion is small, the amount of the non-metallic electri-
cally conductive material around which no TiO, grains are
present is increased, and removal of the non-metallic electri-
cally conductive material is likely to occur. Meanwhile, when
the number of TiO, grains having a grain size of 1 um or less
and contained in the conduction path portion is large, TiO,
grains having a relatively small grain size are aggregated, and
the dispersibility of the TiO, grains is lowered. In contrast, in
the aforementioned case, an appropriate number of TiO,
grains can be incorporated, and the amount of the non-metal-
lic electrically conductive material around which the TiO,
grains are present can be increased.

The present invention may be implemented in various
forms other than a spark plug. For example, the present inven-
tion may be implemented as an internal combustion engine
including a spark plug, a vehicle including the internal com-
bustion engine, etc. Alternatively, the present invention may
be implemented as a spark plug production method.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a cross-sectional view of the structure of a main
portion of a spark plug according to one embodiment of the
present invention.

FIG. 2 is a flowchart showing production steps of the spark
plug of the embodiment.

FIG. 3 is a flowchart showing preparation steps of a resistor
precursor.

FIG. 4 is an explanatory view of an example of a sample
employed for Zr or Ti content determination by means of
electron probe micro analyzer (EPMA).

FIG. 5 is a Table 1 showing the results of measurement and
evaluation of the respective spark plugs 100 of Example 1.

FIG. 6 is a Table 2 showing the results of measurement and
evaluation of spark plugs of Comparative Example.

FIG. 7 is a Table 3 showing the results of measurement and
evaluation of the spark plugs 100 of Example 2.

FIG. 8 is a Table 4 showing the results of measurement and
evaluation of the spark plugs 100 of Example 3.

FIG. 9 is a Table 5 showing the results of measurement and
evaluation of the spark plugs 100 of Example 4.

DETAILED DESCRIPTION OF THE INVENTION
A. Embodiment
Al. Configuration of Spark Plug

FIG. 1 is a cross-sectional view of the structure of a main
portion of a spark plug according to one embodiment of the
present invention. The spark plug 100 includes a metallic
shell 1, an insulator 2, a center electrode 3, a ground electrode
4, and a terminal shell 13. The metallic shell 1 is formed of a
metal material such as carbon steel, and has a hollow circular
columnar shape. The metallic shell 1 serves as a housing of
the spark plug 100.

The insulator 2 is formed of a ceramic sintered compact,
and has a through hole 6 extending along an axis O. The
center electrode 3, the terminal shell 13, etc. are fitted into the
through hole 6. A portion of the terminal shell 13 is inserted
and fixed in the through hole 6 on one end side thereof, and the
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center electrode 3 is inserted and fixed in the through hole 6 on
the other end side thereof. In the through hole 6, a resistor 15
is provided between the terminal shell 13 and the center
electrode 3. Both ends of the resistor 15 are electrically con-
nected to the center electrode 3 and the terminal shell 13 via
electrically conductive glass sealing layers 16 and 17, respec-
tively.

The resistor 15 functions as an electrical resistor between
the terminal shell 13 and the center electrode 3, to thereby
suppress generation of radio noise during spark discharge.
The resistor 15 is formed of ceramic powder, an electrically
conductive material, metal powder, glass, and a binder (adhe-
sive). In the present embodiment, both load life performance
and radio-noise-preventing property can be improved by pro-
ducing the resistor 15 through the below-described proce-
dure.

The center electrode 3 has, on its forward end, an ignition
portion 31, and the center electrode 3 is provided in the
through hole 6 such that the ignition portion 31 is exposed to
the outside. One end of the ground electrode 4 is welded to the
metallic shell 1. The other end portion of the ground electrode
4 is bent toward the center electrode 3 such that a side surface
32 of the ground electrode 4 faces the ignition portion 31 of
the center electrode 3. The gap between the side surface 32
and the ignition portion 31 serves as a spark discharge gap.

A2. Production of Spark Plug

FIG. 2 is a flowchart showing production steps of the spark
plug of the present embodiment. FIG. 3 is a flowchart show-
ing preparation steps of the precursor of the resistor. As shown
in FIG. 2, for production of the spark plug 100 of the present
embodiment, firstly, the precursor of the resistor 15 is pre-
pared (step S105). As shown in FIG. 3, for preparation of the
precursor of the resistor 15, firstly, materials are mixed by
means of a wet ball mill (step S205). In the present embodi-
ment, the materials employed in step S205 correspond to
ceramic powder, an electrically conductive material, and a
binder. The ceramic powder employed may be, for example,
ceramic powder containing ZrO, and TiO,. The electrically
conductive material employed may be, for example, carbon
black. The binder (organic binder) employed may be, for
example, a dispersant such as polycarboxylic acid. These
materials are mixed with water (i.e., solvent) under stirring by
means of a wet ball mill. Although the materials are mixed
together, the degree of dispersion of the materials is relatively
low.

Subsequently, the thus-mixed materials are dispersed by
means of a high-speed shearing mixer (step S210). In the
high-speed shearing mixer, the materials are mixed while
being forcibly dispersed by means of a high shear force of a
blade (stirring blade). The high-speed shearing mixer
employed may be, for example, an axial mixer. Through
mixing by means of the high-speed shearing mixer, the degree
of dispersion of the materials is increased.

The material prepared through step S210 is granulated by
spray drying (step S215). The powder prepared through step
S215 is mixed with glass (coarse glass powder) and water
(step S220), and the resultant mixture is dried (step S225), to
thereby prepare the precursor of the resistor 15 (powdery
precursor). The mixer employed for mixing in step S220 may
be, for example, a universal mixer.

After completion of preparation of the precursor of the
resistor 15, as shown in FIG. 2, the center electrode 3 is
inserted into the through hole 6 of the insulator 2 (step S110).
Electrically conductive glass powder is charged into the
through hole 6 and compressed (step S115). This compres-
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sion is realized by, for example, inserting a rod-like jig in the
through hole 6, and pressing the deposited electrically con-
ductive glass powder. A layer of the electrically conductive
glass powder formed through step S115 becomes the electri-
cally conductive glass sealing layer 16 shown in FIG. 1
through the below-described heat-compression step. The
electrically conductive glass powder employed may be, for
example, powder prepared by mixing copper powder with
calcium borosilicate glass powder.

The precursor of the resistor 15 (powdery precursor) pre-
pared through step S105 is charged into the through hole 6
and compressed (step S120), and then electrically conductive
glass powder is charged into the through hole 6 and com-
pressed (step S125). A layer of the powder formed through
step S120 becomes the resistor 15 shown in FIG. 1 through
the below-described heat-compression step. Similarly, a layer
of the powder formed through step S125 becomes the elec-
trically conductive glass sealing layer 17 shown in FIG. 1
through the below-described heat-compression step. The
electrically conductive glass powder employed in step S125
may be the same as employed in step S115. The compression
method employed in step S120 or S125 may be the same as
employed in step S115.

A portion of the terminal shell 13 is inserted into the
through hole 6, and a specific pressure is applied to the ter-
minal shell 13 while the entirety of the insulator 2 is heated
(step S130). Through this treatment, the respective materials
charged into the through hole 6 are compressed and fired, to
thereby form the electrically conductive glass sealing layers
16 and 17 and the resistor 15 in the through hole 6.

The ground electrode is bonded to the metallic shell 1 (step
S135), and the insulator 2 is inserted into the metallic shell 1
(step S140), followed by crimping of the metallic shell 1 (step
S145). Through the crimping step (step S145), the insulator 2
is fixed to the metallic shell 1. Subsequently, a tip end portion
of the ground electrode bonded to the metallic shell 1 is bent
(step S150), to thereby form the ground electrode 4 shown in
FIG. 1. Thereafter, a non-illustrated gasket is attached to the
metallic shell 1 (step S155), to thereby complete the spark
plug 100.

B. Examples
B1. Example 1

In a manner similar to that described above in the embodi-
ment, there were produced 10 spark plugs 100 (samples Nos.
110 10) each having a through hole 6 having a relatively small
inner diameter (hereinafter may be referred to as “sealing
diameter”) of 3.2 mm. In Example 1, ZrO, powder was
employed as ceramic powder; TiO, powder was employed as
metal powder; and carbon black was employed as an electri-
cally conductive material.

In each of samples Nos. 1 to 10 of Example 1, there were
employed TiO, powder having a mean particle size of 0.6 um
and ZrO, powder having a mean particle size of 2.0 um. In
Example 1, for production of each sample (spark plug 100),
the precursor of the resistor 15 was prepared by varying the
amount of TiO, powder incorporated. Each of the thus-pro-
duced spark plugs 100 was evaluated in terms of load life
performance, radio-noise-preventing property, and Ti disper-
sion state in a conduction path portion. Furthermore, each
sample was comprehensively evaluated. In Example 1, the
term “conduction path portion” refers to a region of the resis-
tor 15, the region containing at least a Zr component and a Ti
component, and forming a conduction path in the resistor 15.
In addition to the aforementioned evaluations, the Zr content
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(wt. %) and Ti content (wt. %) of the conduction path portion
of each spark plug 100 were determined.

Load life performance was evaluated as follows. Firstly,
each of the above-produced spark plugs 100 was continu-
ously subjected to a discharge test (3,600 discharges per
minute through application of a discharge voltage of 20kV at
a temperature of 350° C.). Then, the resistance (RO) before
the discharge test and the resistance (R1) after the discharge
test were measured, and the average of the ratios of the resis-
tance (R1) to the resistance (RO) (i.e., R1/R0) was determined
every 10 consecutive cycles of the test. The period of time
until the average of R1/R0 was 1.5 or more was determined.
The longer the period of time, the higher the load life perfor-
mance. Load life performance was evaluated according to the
following criteria (i.e., score corresponding to the determined
period of time):

shorter than 10 hours: 1

10 hours or longer and shorter than 20 hours: 2

20 hours or longer and shorter than 100 hours: 3

100 hours or longer and shorter than 120 hours: 4

120 hours or longer and shorter than 140 hours: 5

140 hours or longer: 5, +1 (every lapse of 20 hours).

Radio-noise-preventing property was evaluated as follows.
Firstly, five samples (having almost the same resistance:
5+0.3 kQ) corresponding to each of samples Nos. 1 to 10
were prepared. Subsequently, each sample was subjected to
the radio noise evaluation test according to JASO D002-2,
and the average of values corresponding to the radio-noise-
preventing effect (i.e., radio-noise-preventing property) of
each sample was determined. Among the thus-determined
averages corresponding to the radio-noise-preventing effect,
the radio-noise-preventing property at 65 MHz was employed
for comparison. On the basis of the radio-noise-preventing
property of sample No. 10 shown below in Table 1, score (1 to
10) was assigned to each sample according to the degree of
improvement in radio-noise-preventing property. Specifi-
cally, score “1” was assigned to a sample in which the degree
of improvement was less than 0.3 dB, and score “2” was
assigned to a sample in which the degree of improvement was
0.3 dB ormore and less than 0.5 dB. Thus, one-point-elevated
score was assigned as the degree of improvement increased
by 0.2 dB (e.g., score “5” was assigned to a sample in which
the degree of improvement was 1.1 dB or more and less than
1.3 dB). Score “10” was assigned to a sample in which the
degree of improvement was 2.1 dB or more. Rating “0” was
assigned to a sample in which score was 5 or more; i.e, a
sample exhibiting a high radio-noise-preventing effect,
whereas rating “X” was assigned to a sample in which score
was 4 or less; i.e., a sample exhibiting a low radio-noise-
preventing effect.

For comprehensive evaluation of each spark plug 100, the
lower of the score of load life performance and the score of
radio-noise-preventing property was regarded as the score of
comprehensive evaluation.

The Zr content and Ti content of a conduction path portion
were determined as follows. Firstly, a sample of the resistor
15 was obtained from each of samples Nos. 1 to 10, and a
cross section of the resistor sample was subjected to analysis
by means of EPMA (electron probe micro analyzer), to
thereby determine the Zr content and Ti content of a conduc-
tion path portion. Specifically, the Zr content and the Ti con-
tent were determined through WDS (wavelength dispersive
X-ray spectrometry) by means of EPMA (acceleration volt-
age: 15kV, irradiation current: 2.5x107® A, effective time: 10
sec (high/low wavelength base: 5 sec), irradiation probe
diameter: 10 um, quantitative calculation: ZAF standard
method, and standard sample employed: ASTIMEX (AS-
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TIMEC SCIENTIFIC LIMITED/Canada). For each sample,
acircular region having a diameter of 20 um was employed as
an analysis region. For each sample, 30 analysis regions were
selected in a conduction path portion. The Zr or Ti content of
each analysis region was measured, and the average of the Zr
or Ti contents of the 30 analysis regions was determined.

FIG. 4 is an explanatory view of an example of a sample
employed for Zr or Ti content determination by means of
EPMA. The upper part of FIG. 4 corresponds to an image F1
of a portion of the sample as taken during Zr or Ti content
determination by means of EPMA, and the lower part of FIG.
4 corresponds to an image Fla schematically showing the
image F1.

As shown in the image Fla, the resistor 15 includes glass
portions Ar2 serving as a skeleton, and a conductive path
region Arl sandwiched between the glass portions Ar2. As
shown in the image F1, the conductive path region Arl con-
tains fine white grains. These fine grains correspond to ZrO,
grains. The conductive path region Arl contains ZrO, grains,
TiO, grains, carbon grains, and melted glass. In the conduc-
tive path region Arl, electrical conductivity is secured by
means of carbon.

In the conductive path region Arl shown in the image Fla,
a total of 10 analysis regions; i.e., f1, 2, {3, f4, {5, f11, f12,
f13, f14, and f15, are selected. Among these regions, five
analysis regions f1 to {5 are continuously located. Similarly,
five analysis regions f11 to f15 are continuously located.
Although a total of 10 analysis regions are selected in F1G. 4,
as described above, a total of 30 analysis regions are selected
in each sample.

The Ti dispersion state in the conduction path portion was
evaluated as follows. In the case where the average of the Ti
contents of 30 analysis regions of each sample was repre-
sented by A, and the Ti content of each analysis region was
represented by B, when “the number of regions in which B
was less than 0.25xA or 3.0xA or more” was large (i.e., 3 or
more), the dispersibility of Ti was evaluated as being low,
whereas when the number of such regions was small (i.e., 2 or
less), the dispersibility of Ti was evaluated as being high
(good). The reason for this evaluation is based on the assump-
tion that when the dispersibility of Ti is high, B becomes
nearly equal to A, since the amounts of Ti contained in the
respective analysis regions are nearly equal to one another;
i.e., when the dispersibility of Ti is high, there is neither a
region in which B is less than 0.25x A, nor a region in which
B is 3.0xA or more.

Table 1 (see FIG. 5) shows the results of measurement and
evaluation of the respective spark plugs 100 of Example 1. In
Table 1, “Amount of TiO, having a particle size of 1 um or
less” corresponds to the amount (wt. %) of TiO, contained in
the entire precursor of the resistor 15 and having a particle
size of 1 um or less. This value was calculated on the basis of
the amount of TiO, powder employed in the precursor of the
resistor 15, and also the amount of TiO, powder having a
particle size of 1 um or less, which was determined by means
of the particle size distribution profile of the employed TiO,
powder. The radio-noise-preventing property of each sample
was determined on the basis of that of sample No. 10.

As shown in Table 1, in all the samples Nos. 1 to 10, Ti
dispersion state was evaluated as good (O). In this case, the Ti
content of five continuous analysis regions (e.g., the analysis
regions f1 to f5 or analysis regions f11 to f15 shown in FIG.
4) was found to be 0.5 wt. % to 15 wt. %.

As shown in Table 1, a sample in which the Ti content was
0.5 wt. % to 15 wt. % exhibited a comprehensive evaluation
score as high as 8 or more. Particularly, each of samples Nos.
3 to 8, in which the Ti content was 1.0 wt. % to 12 wt. %,
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exhibited a comprehensive evaluation score of 9 or more, a
load life performance score of 10, and a radio-noise-prevent-
ing property score of 9 or more. In contrast, sample No. 1, in
which the Ti content was 0.2 wt. %, or sample No. 10, in
which the Ti content was 18 wt. %, exhibited a comprehensive
evaluation score as low as 3 or less.

Conceivably, the reason why the load life performance
score of sample No. 1 was as low as 3 is as follows. In a
conduction path portion, since Zr, which has insulation prop-
erty, is present around carbon (i.e., electrically conductive
material), contact resistance is generated. In a high voltage
environment (20 kV), the carbon is heated due to the thus-
generated contact resistance, and the thus-heated carbon
reacts with glass in the vicinity thereof, resulting in degrada-
tion of the carbon. Specifically, the carbon is removed
through oxidation. Since TiO, has a relatively low electrical
resistance, and exhibits high electrical conductivity particu-
larly in a high voltage environment (20 kV), current is likely
to flow through TiO, in the conduction path portion. There-
fore, through incorporation of TiO,, the electrical resistance
of the entirety of the resistor 15 can be reduced, and the
aforementioned carbon degradation due to contact resistance
can be suppressed. However, when the TiO, content of the
conduction path portion is low as in the case of sample No. 1,
electrical resistance increases in association with a small
amount of TiO,. In addition, when the TiO, content of the
conduction path portion is low, carbon degradation may fail to
be sufficiently suppressed, and thus the amount of carbon is
reduced. A reduction in amount of carbon causes an increase
in electrical resistance. Therefore, the electrical resistance of
the entirety of the resistor 15 increases, and thus electrical
conductivity is lowered, leading to poor ignition perfor-
mance. Conceivably, this results in deterioration of load life
performance.

Conceivably, the reason why the radio-noise-preventing
property score of sample No. 10 was as low as 1 is as follows.
Since the conduction path portion contains a large amount of
TiO, (Ti content: 18%), the electrical resistance of the
entirety of the resistor 15 is lowered. Samples Nos. 1 and 10
(spark plugs 100) do not correspond to the spark plug as
described in the claims.

Table 2 (see FIG. 6) shows the results of measurement and
evaluation of spark plugs of Comparative Example. Since the
items shown in Table 2 are the same as those shown in Table
1, description thereofis omitted. For production of each of the
samples of the Comparative Example (samples Nos. 58, 59,
and 60), the aforementioned treatment of step S210 (i.e.,
dispersion treatment of the materials of the resistor 15 by
means of a high-speed shearing mixer) was omitted. The
types of the materials of the resistor 15, and the spark plug
production procedure were the same as in the case of each
spark plug 100 in Example 1. The amounts of the respective
materials of the resistor 15 of sample No. 58 were the same as
those of the respective materials of the resistor 15 of sample
No. 5 in Example 1. Therefore, as shown in Tables 1 and 2, the
Zr content and Ti content of sample No. 58 were the same as
those of sample No. 5. Also, the amounts of the respective
materials of the resistor 15 of sample No. 59 were the same as
those of the respective materials of the resistor 15 of sample
No. 9 in Example 1. Therefore, as shown in Tables 1 and 2, the
Zr content and Ti content of sample No. 59 were the same as
those of sample No. 9. Also, the amounts of the respective
materials of the resistor 15 of sample No. 60 were the same as
those of the respective materials of the resistor 15 of sample
No. 10 in Example 1. Therefore, as shown in Tables 1 and 2,
the Zr content and Ti content of sample No. 60 were the same
as those of sample No. 10.
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As shown in Table 2, in the samples of the Comparative
Example (samples Nos. 58 to 60), Ti dispersion state was
evaluated as poor; i.e., the respective materials were present
in an aggregate form in the resistor 15. Each of samples Nos.
58 to 60 of the Comparative Example exhibited a load life
performance score as low as 5 or less. Although samples Nos.
5,9, and 10 exhibited a high load life performance score (10
foreach) as shown in Table 1, the corresponding samples Nos.
58, 59, and 60 exhibited a low load life performance score (1,
1, and 5, respectively). A conceivable reason for this is as
follows. In samples Nos. 58 to 60, TiO, is present in an
aggregate form in a conduction path portion of the resistor 15,
and thus the number of carbon grains around which no TiO,
is present is increased. Particularly, TiO, has a mean particle
size smaller than that of another material, and thus is likely to
be aggregated. Therefore, when the vigorous dispersion treat-
ment (step S210) is omitted, the number of carbon grains
around which no TiO, is present is increased. Since there is no
current-flowing path in the vicinity of carbon grains around
which no TiO, is present, carbon degradation is likely to
occur due to contact resistance, resulting in local removal of
carbon. Conceivably, this increases the electrical resistance of
the entirety of the resistor 15, and causes deterioration of
ignition performance (load life performance). The radio-
noise-preventing properties of samples Nos. 58, 59, and 60
were similar to those of samples Nos. 5, 9, and 10.

In each of samples Nos. 58 to 60, in which Ti dispersibility
is low, the Ti content of any of five continuous analysis
regions (as shown in FIG. 4) is considered to fall outside a
range of 0.5 wt. % to 15 wt. %.

As described above, in view of the experimental results
shown in Tables 1 and 2, preferably, the Ti content of a
conduction path portion of the resistor 15 is 0.5 wt. % to 15
wt. %, and Ti is sufficiently dispersed in the conduction path
portion. As used herein, the expression “sufficiently dis-
persed” refers to the case where the average of the Ti contents
of five continuous circular regions, each region having a
diameter of 20 pm, is 0.5 wt. % to 15 wt. %.

C. Example 2

In a manner similar to that described above in the embodi-
ment, seven spark plugs 100 (samples Nos. 11 to 17) were
produced. In Example 2, the spark plugs 100 were produced
by use of ZrO, powders and TiO, powders having different
mean particle sizes. Specifically, for production of the spark
plugs 100, the Ti content of the resistor 15 was adjusted to be
constant in the respective samples Nos. 11 to 17, and a plu-
rality of ZrO, powders and a plurality of TiO, powders having
different mean particle sizes were mixed in different propor-
tions. The types of raw materials employed and sealing diam-
eter were the same as those in Example 1.

In a manner similar to that described in Example 1, each of
the thus-produced spark plugs 100 was evaluated in terms of
Ti dispersion state, load life performance, and radio-noise-
preventing property, and each sample was comprehensively
evaluated. Also, Zr content and Ti content were determined in
a manner similar to that described in Example 1. Since evalu-
ation methods and Zr or Ti content determination method
employed are the same as those in Example 1, description
thereof is omitted.

Table 3 (see FIG. 7) shows the results of measurement and
evaluation of the spark plugs 100 of Example 2. Since the
items shown in Table 3 are the same as those shown in Table
1, description thereof is omitted. As shown in Table 3, in
Example 2, the Ti content of the resistor 15 was adjusted to 8
wt. % in each of samples Nos. 11 to 17.
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As shown in Table 3, Zr content was almost the same and Ti
content was the same between samples Nos. 11 and 15, but
TiO, mean particle size greatly differed between samples
Nos. 11 and 15. Sample No. 11 exhibited a load life perfor-
mance score of “6,” but sample No. 15 exhibited a load life
performance score of “10.” A conceivable reason for the
difference in load life performance between samples Nos. 11
and 15 is as follows. Although Ti content is the same between
samples Nos. 11 and 15, TiO, mean particle size in sample
No. 15 is smaller than that in sample No. 11. Therefore, in
sample No. 15, the number of TiO, grains contained in the
resistor 15 is larger, as compared with the case of sample No.
11. That is, the number of carbon grains around which no
TiO, is present is relatively small, and thus carbon degrada-
tion, which is due to the aforementioned contact resistance,
can be suppressed in many carbon grains. In contrast, in
sample No. 11, the number of TiO, grains contained in the
resistor 15 is smaller, as compared with the case of sample
No. 15, and thus the number of carbon grains around which no
TiO, is present is relatively large. Therefore, in sample No.
11, carbon degradation, which is due to the aforementioned
contact resistance, is more likely to occur, as compared with
sample No. 15. Conceivably, the difference in load life per-
formance between samples Nos. 11 and 15 is based on the
aforementioned reason.

Also, as shown in Table 3, Ti content was the same between
samples Nos. 11 and 13, but TiO, mean particle size in sample
No. 13 was larger than that in sample No. 11. Therefore, the
number of TiO, grains contained in the resistor 15 was rela-
tively small in sample No. 13. However, as shown in Table 3,
the load life performance of sample No. 13 was higher than
that of sample No. 11. A conceivable reason for this is as
follows. Since carbon grains are present around ZrO, grains,
when ZrO, powder having a large mean particle size is
employed, carbon grains present around large ZrO, grains are
greatly separated from one another. Therefore, since carbon
grains are relatively dispersed in the resistor, the number of
carbon grains around which no TiO, grains are present is
relatively small, and the load life performance of sample No.
13 is higher than that of sample No. 11.

As shown in Table 3, each of samples Nos. 11, 12, and 14
exhibited a load life performance score of “6,” which was
lower than the load life performance score “10” of each of the
other samples (samples Nos. 13 and 15 to 17). On the basis of
the aforementioned comparison between samples Nos. 11
and 15 or between samples Nos. 11 and 13, a conceivable
reason for this difference in load life performance is as fol-
lows. In sample No. 14, there is no difference in mean particle
size between TiO, and ZrO,. When there is no or little differ-
ence in mean particle size between TiO, and ZrO,, the dis-
persibility of TiO, grains relative to carbon grains becomes
low. Therefore, conceivably, the number of carbon grains
around which no TiO, is present is increased, and load life
performance is deteriorated. In sample No. 11 or 12, since the
mean particle size of TiO, is larger than that of ZrO,, the
number of carbon grains around which no TiO, is present may
be increased, as compared with the case where the mean
particle size of TiO, is smaller that of ZrO,. This is a con-
ceivable reason for deterioration of load life performance.
Meanwhile, in each of samples Nos. 13 and 15 to 17, the mean
particle size of TiO, is smaller by 0.2 pm or more than that of
7ZrO,.

As described above, in view of the experimental results
shown in Table 3, preferably, the mean particle size of TiO,
particles is smaller by 0.2 um or more than that of ZrO,
particles.
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In all the samples Nos. 11 to 17, Ti dispersion state was
evaluated as good (O). These samples Nos. 11 and 17 (spark
plugs 100) correspond to the spark plug as described in the
claims.

D. Example 3

In a manner similar to that described above in the embodi-
ment, 32 spark plugs 100 (samples Nos. 18 to 49) were
produced. In Example 3, for production of spark plugs 100,
sealing diameter was varied, and the amount of TiO, powder
incorporated into the precursor of the resistor 15 was varied.
Specifically, as shown in Table 4, spark plugs 100 of four
groups having different sealing diameters were produced. In
the samples of group 1 (samples Nos. 18 to 25), sealing
diameter was adjusted to 2.5 mm. In the samples of group 2
(samples Nos. 26 to 33), sealing diameter was adjusted to 2.9
mm. In the samples of group 3 (samples Nos. 34 to 41),
sealing diameter was adjusted to 3.5 mm. In the samples of
group 4 (samples Nos. 42 to 49), sealing diameter was
adjusted to 4.0 mm. In Example 3, for production of eight
samples (spark plugs 100) of each group having different Ti
contents, the precursor of the resistor 15 was prepared by
varying the amount of TiO, powder incorporated as in the
case of Example 1. For production of the respective samples
Nos. 18 to 49 of Example 3, the types of raw materials
employed were the same as those in Example 1. The mean
particle sizes of TiO, powder and ZrO, powder employed in
Example 3 were the same as those in Example 1.

In a manner similar to that described in Example 1, each of
the thus-produced spark plugs 100 was evaluated in terms of
Ti dispersion state, load life performance, and radio-noise-
preventing property, and each sample was comprehensively
evaluated. Also, Zr content and Ti content were determined in
a manner similar to that described in Example 1. Since evalu-
ation methods and Zr or Ti content determination method
employed are the same as those in Example 1, description
thereof is omitted.

Table 4 (see FIG. 8) shows the results of measurement and
evaluation of the spark plugs 100 of Example 3. Since the
items shown in Table 4 are the same as those shown in Table
1, description thereof is omitted. Similar to the results
obtained in Example 1, samples Nos. 18, 26, 34, and 42 (Ti
content: less than 0.5 wt. %) and samples 25, 33, 41, and 49
(Ti content: more than 15 wt. %) of the respective groups
exhibited a comprehensive evaluation score as low as 4 or
less. These samples (i.e., samples Nos. 18, 25, 26, 33, 34, 41,
42, and 49) do not correspond to the spark plug as described
in the claims.

The load life performance scores of sample No. 42 (Ti
content: 0.2 wt. %) and sample No. 43 (Ti content: 0.5 wt. %)
of group 4 were 4 and 8, respectively; i.e., the difference in
load life performance score between these two samples was
“4.” The load life performance scores of sample Nos. 34 and
35 of group 3 (Ti contents were the same as samples Nos. 42
and No. 43, respectively) were 3 and 8, respectively; i.e., the
difference in load life performance score between these two
samples was “5.” The load life performance scores of sample
Nos. 26 and 27 of group 2 (Ti contents were the same as
samples Nos. 42 and No. 43, respectively) were 1 and 8,
respectively; i.e., the difference in load life performance score
between these two samples was “7.” The load life perfor-
mance scores of sample Nos. 18 and 19 of group 1 (Ti con-
tents were the same as samples Nos. 42 and No. 43, respec-
tively) were 1 and 8, respectively; i.e., the difference in load
life performance score between these two samples was “7.”
As is clear from these data, in the case of samples having a
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sealing diameter of 3.5 mm or less, the difference in load life
performance score between a sample (Ti content: 0.5 wt. %)
and a sample (Ti content: 0.2 wt. %) is 5 or more; i.e., the
degree of improvement in load life performance is increased
in association with an increase in Ti content. Particularly in
the case of samples having a sealing diameter of 2.9 mm or
less, the degree of improvement in load life performance is
more increased (difference in load life performance score: 7).
Thus, as is clear from these data, when the sealing diameter is
3.5 mm or less (preferably 2.9 mm or less), incorporation of
an appropriate amount of Ti achieves a higher effect of
improving load life performance.

As described above, in a sample having a relatively small
sealing diameter, incorporation of an appropriate amount of
Ti achieves a high effect of improving load life performance.
A conceivable reason for this is as follows. In the step of
compressing the precursor of the resistor 15 (step S120)
shown in FIG. 2, when the entire precursor is excessively soft,
pressure is difficult to transmit from the pressing surface of
the precursor toward a lower portion thereof, and difficulty is
encountered in compressing the precursor. In contrast, when
the entire precursor is excessively hard, only a portion of the
precursor in the vicinity of the pressing surface may be com-
pressed, and a lower portion of the precursor may fail to be
compressed. Generally, compression is difficult to carry out
in a sample having a relatively small sealing diameter. How-
ever, in the case where the Ti content of a resistor precursor is
relatively high, since the precursor has an appropriate hard-
ness, compression is easy to carry out even in a sample having
a relatively small sealing diameter. Therefore, conceivably,
the precursor exhibits high density, and thus the number of
carbon grains around which Ti is present can be increased,
whereby the sample exhibits greatly improved load life per-
formance. Meanwhile, since compression is generally easy to
carry out in a sample having a relatively large sealing diam-
eter, the degree of improvement in compressibility, which is
associated with an increase in Ti content of a resistor precur-
sor, is lower in the sample, as compared with the case of a
sample having a small sealing diameter. Therefore, conceiv-
ably, the effect of improving load life performance in a
sample having a large sealing diameter is lower than thatin a
sample having a small sealing diameter.

As described above, in view of the experimental results
shown in Table 4, when Ti content is increased within an
appropriate range (i.e., 0.5 wt. % to 15 wt. %) in a spark plug
100 having a sealing diameter of 3.5 mm or less (more pref-
erably 2.9 mm or less), the spark plug exhibits greatly
improved load life performance.

E: Example 4

In a manner similar to that described above in the embodi-
ment, eight spark plugs 100 (samples Nos. 50 to 57) were
produced. In Example 4, the spark plugs 100 were produced
by use of TiO, powders having different mean particle sizes.
Specifically, for production of samples Nos. 50 to 57, the Ti
content of the resistor 15 was adjusted to be constant (5 wt. %)
in the eight spark plugs, and a plurality of TiO, powders
having different mean particle sizes were mixed in different
proportions. Unlike the case of Example 2, only a single type
of ZrO, powder was employed. The types of raw materials
employed and sealing diameter were the same as those in
Example 1.

In a manner similar to that described in Example 1, each of
the thus-produced samples Nos. 50 to 57 was evaluated in
terms of Ti dispersion state, load life performance, and radio-
noise-preventing property, and each sample was comprehen-
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sively evaluated. Also, Zr content and Ti content were deter-
mined in a manner similar to that described in Example 1.
Since evaluation methods and Zr or Ti content determination
method employed are the same as those in Example 1,
description thereof is omitted.

Table 5 (see FIG. 9) shows the results of measurement and
evaluation of the spark plugs 100 of Example 4. Since the
items shown in Table 5 are the same as those shown in Table
1, description thereof is omitted. As shown in Table 5, in
Example 4, “TiO, mean particle sizes” and “amounts of TiO,
having a particle size of 1 um or less” are different from one
another in the respective samples Nos. 50 to 57. Each of
samples Nos. 50 to 57 corresponds to the spark plug as
described in the claims.

As shown in Table 5, each of samples Nos. 51 to 56, in
which the “amount of TiO, having a particle size of 1 um or
less” contained in the entire precursor of the resistor 15 was
0.10 wt. % to 4.00 wt. %, exhibited a load life performance
score of 10. In contrast, sample No. 50, in which the “amount
of TiO, having a particle size of 1 pm or less” was 0.05 wt. %,
or sample No. 57, in which the “amount of TiO, having a
particle size of 1 um or less” was 4.50 wt. %, exhibited a load
life performance score of 9, which was lower than that of each
of'samples Nos. 51 to 56. When the amount of TiO, having a
particlesize of 1 um or less is small, the number of TiO, grains
is relatively reduced, and the number of carbon grains around
which no TiO, is present is relatively increased. Therefore,
sample No. 50 is considered to exhibit low load life perfor-
mance. In contrast, when the amount of TiO, having a particle
size of 1 pm or less is excessively large, since particles having
a small particle size are likely to be aggregated together, the
dispersibility of TiO, grains is lowered, and thus the number
of'carbon grains around which no TiO, is present is increased.
Therefore, sample No. 57 is considered to exhibit low load
life performance.

As described above, in view of the experimental results
shown in Table 5, when the amount of TiO, having a particle
size of 1 um or less contained in the entire precursor of the
resistor 15 is 0.10 wt. % to 4.00 wt. %, load life performance
can be improved.

F. Modification

Modification 1:

As described above in the embodiment and examples, in a
sample exhibiting good Ti dispersibility, the average of the Ti
contents of five continuous analysis regions is 0.5 wt. % to 15
wt. %. However, the present invention is not limited to the
case where the average of the Ti contents of “five continuous
analysis regions” is 0.5 wt. % to 15 wt. %. Conceivably, in a
sample exhibiting good Ti dispersibility, the average of the Ti
contents of any plurality of partial regions of a conduction
path portion is 0.5 wt. % to 15 wt. %. Thus, the “five continu-
ous analysis regions” described in the examples is an example
of the aforementioned plurality of partial regions.

The present invention is not limited to the above-described
embodiment, examples, and modification, and various modi-
fications may be made without departing from the scope of
the present invention. For example, the technical characteris-
tics described in the embodiment, examples, and modifica-
tion corresponding to those of the modes described in the
section “Summary of the Invention” may be appropriately
replaced or combined in order to partially or completely solve
the aforementioned problems, or to partially or completely
achieve the aforementioned effects. Unless the technical
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characteristics are described as essential ones in the present
specification, they may be appropriately omitted.

DESCRIPTION OF REFERENCE NUMERALS

1: metallic shell

2: insulator

3: center electrode

4: ground electrode

6: through hole

: terminal shell

: resistor

: electrically conductive glass sealing layer
: electrically conductive glass sealing layer
: ignition portion

32: side surface

100: spark plug

O: axis

F1: image

Fla: image

f1 to 15, f11 to f15: analysis region

Arl: conductive path region

Ar2: glass portion

The invention claimed is:

1. A spark plug comprising:

acircular columnar insulator having a through hole extend-

ing in an axial direction;

a center electrode fixed in the through hole of the insulator;

a terminal shell fixed in the through hole of the insulator;

and

a resistor which is provided in the through hole and

between the terminal shell and the center electrode, and

which contains glass, a Ti component, a Zr component,

and a non-metallic electrically conductive material,

wherein:

in a cross section of a conduction path portion of the
resistor, the conduction path portion containing the Zr
component and the Ti component, the average of the
Ti component contents by weight of five continuous
circular regions, each region having a diameter of 20
um, is 0.5 wt. % to 15 wt. %, wherein the Zr compo-
nent content by weight of the conduction path portion
is 10 wt. % to 40 wt. %; and

when A represents the average of the Ti component
contents by weight of any 30 circular regions, each
region having a diameter of 20 pum, in the conduction
path portion, and when B represents the Ti component
content by weight of each of the 30 circular regions,
the total of the number of circular regions in which B
is less than 0.25 times A and the number of circular
regions in which B is greater than 3.0 times A is 2 or
less; and

wherein the resistor is produced from at least TiO, particles

and ZrO, particles, and the TiO, particles have a mean
particle size smaller by 0.2 um or more than that of the
ZrO, particles.

2. A spark plug according to claim 1, wherein the Ti com-
ponent content by weight is 1.0 wt. % to 12 wt. %.

3. A spark plug according to claim 1, wherein a portion of
the through hole where the resistor is provided has a mini-
mum diameter of 3.5 mm or less.

4. A spark plug according to claim 3, wherein a portion of
the through hole where the resistor is provided has a mini-
mum diameter of 2.9 mm or less.
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5. A spark plug according to claim 1, wherein, in a material
of'the resistor, the amount by weight of TiO, particles having
a particle size of 1 um or less is 0.1 wt. % to 4.0 wt. %.
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